Here, we show that ectopic expression of the catalytic subunit of mouse telomerase (mTert) confers a growth advantage to primary murine embryonic fibroblasts (MEFs), which have very long telomeres, as well as facilitates their spontaneous immortalization and increases their colony-forming capacity upon activation of oncogenes. We demonstrate that these telomere lengthindependent growth-promoting effects of mTert overexpression require catalytically active mTert, as well as the formation of mTert/Terc complexes. The gene expression profile of mTert-overexpressing MEFs indicates that telomerase enhances growth in these cells through the repression of growth-inhibiting genes of the transforming growth factor-beta (TGF-b) signaling network. We functionally validate this result by showing that mTert abrogates the growth-inhibitory effect of TGF-b in MEFs, thus demonstrating that telomerase increments the proliferative potential of primary mouse embryonic fibroblasts by targeting the TGF-b pathway.
Introduction
Telomeres are several kb-long tandem repeats of the TTAGGG sequence bound by an array of associated proteins that cap eucaryotic chromosomes (de Lange, 2002) . As cells divide, telomeres suffer progressive shortening because of incomplete DNA replication (Blackburn, 2001) . Progressive telomere erosion is prevented in cells that express sufficiently high levels of telomerase, an enzyme composed of an RNA component (telomerase RNA, Terc) and a catalytic subunit (telomerase reverse transcriptase, Tert), which is able to add TTAGGG repeats onto the chromosome ends (Blackburn, 2001) . Most somatic cells do not express sufficient telomerase to compensate for the loss of telomere repeats during cell division, something that eventually results in critical telomere shortening and loss of chromosome capping. Short or uncapped telomeres activate DNA damage signaling pathways and are processed by DNA repair pathways leading to end-toend fusions and loss of cell viability (Goytisolo and Blasco, 2002) . In contrast to somatic cells, cancer cells acquire immortality by reactivating telomerase, which allows them to maintain telomeres above a minimumlength threshold (Shay and Wright, 2002) .
Mounting evidence suggests that telomerase has additional roles in promoting tumorigenesis that go beyond the rescue of critically short telomeres (Blasco, 2002) . On one hand, first-generation telomerasedeficient mice, which lack telomerase activity but still have long telomeres, are more resistant to carcinogenesis than wild-type mice, suggesting a telomere length-independent antitumorigenic effect of telomerase deficiency (GonzalezSuarez et al., 2000) . On the other hand, several transgenic mice that have constitutively elevated telomerase activity show increased tumorigenesis compared to wild-type mice in the absence of significant differences in telomere length (Blasco, 2002) . More recently, a role for mouse telomerase (mTert) in augmenting epidermal stem cell mobilization independently of telomere length has been described, further highlighting roles for mTert beyond net telomere elongation . The molecular pathways underlying these telomere-length-independent effects of telomerase, however, remain largely unexplored.
Mouse embryonic fibroblasts (MEFs) enter a senescencelike arrest after several passages in culture, the so-called 'premature senescence' arrest, which is independent of telomere length as MEFs have extremely long telomeres and express telomerase activity (Serrano and Blasco, 2001) . Interestingly, mutations that allow escape from premature senescence in MEFs have been shown to be important for human cancer (Serrano and Blasco, 2001) , and MEFs are a widely used system for the identification of genes important in human tumorigenesis (Serrano and Blasco, 2001 ). Here, we have used this in vitro system to study the telomere length-independent effects of increased telomerase activity. It is important to note that the effects of Tert overexpression in MEFs are unknown. In contrast to human cells, mouse cells have a large telomere reserve and therefore represent an optimal system to study the telomere length-independent effects of increased telomerase expression. To this end, we have generated MEFs stably overexpressing mTert or a catalytically inactive mTert, either in the presence or absence of the telomerase RNA component, Terc. The results shown here demonstrate that mTert overexpression renders MEFs more susceptible to spontaneous immortalization and increases their colony-forming capacity, and that these effects are dependent on the catalytic activity of mTert, as well as on Terc. We further show that mTert overexpression represses the expression of growth-inhibiting genes of the transforming growth factor-beta (TGF-b) pathway using microarray analysis. Finally, we functionally validate these findings by showing that mTert abrogates the growth-inhibitory effect of TGF-b. These observations agree with previous findings using human mammary epithelial cells (Stampfer et al., 2001) , and together define the TGF-b signaling network as a target for the telomerase telomere-lengthindependent effects on cell growth and immortalization both in human cells and in MEFs.
Results
Overexpression of mTert in primary murine cells promotes growth, immortalization, and colony formation Telomerase overexpression is sufficient to immortalize many human cell types by maintaining telomeres above a critical threshold length (Bodnar et al., 1998; Dickson et al., 2000; Ramirez et al., 2001) . In contrast, the premature growth arrest of MEFs in culture, or so-called 'premature senescence', is telomere length independent (Serrano and Blasco, 2001) . Interestingly, escape from premature senescence in MEFs has been related to pathways important for human cancer (Serrano and Blasco, 2001) . It remains unknown, however, whether telomerase overexpression in MEFs may facilitate their immortalization through telomere length-independent pathways. To address this, we generated early passage MEFs retrovirally transduced with mTert (Materials and methods). Quantitative realtime RT-PCR analysis showed 10-100-fold overexpression of mTert in these cells compared to MEFs transduced with an empty vector (data not shown). We next determined whether overexpression of mTert was sufficient to increase telomerase activity in these cells. As expected, mTert-overexpressing MEFs showed approximately 10-fold higher levels of telomerase activity compared to MEFs infected with empty viruses (Figure 1a) , suggesting that mTert amounts in primary MEFs are rate-limiting. Telomere length as determined by Q-FISH was similar in mTert-transduced MEFs compared to MEFs transduced with an empty vector (data not shown), suggesting that telomerase does not further elongate normal length telomeres. These results are in agreement with those previously obtained for mice overexpressing mTert in different tissues, in which no significant changes in telomere length were observed compared to the wild-type controls (Blasco, 2002) .
To determine whether increased telomerase activity in MEFs had an impact on cell growth, we serially passaged control and mTert-overexpressing MEFs and determined the number of accumulated population doublings (PDLs) per passage. As shown in Figure 1b , mTert overexpressing MEFs showed a subtle but detectable (Po0.1) tendency to grow faster (0.8670.11 PDLs per passage) than control MEFs (0.6170.11 PDLs per passage). This subtle difference prompted us to study in more detail the impact of mTert on other aspects related to cell growth such as immortalization and colony formation. (a) Murine embryonic fibroblasts retrovirally transduced with empty pBabe vector (control) or pBabe-mTert were assayed for telomerase activity using the telomerase repeat amplification protocol (TRAP assay). Total amounts of protein extract (mg protein) that have been used as input for the TRAP assay are indicated. As negative controls, extracts were pretreated with RNAse ( þ ). The autoradiograph shown is representative of three independent experiments. (b) MEFs retrovirally transduced with empty pBabe vector (control) or pBabe-mTert were serially passaged in culture according to the 3T3 protocol. Immortal cultures that emerged after 15-30 passages were propagated for further 10 passages, and cell numbers were determined after each passage to calculate the mean number of population doublings (PDLs) per passage. The number (n) of independently generated MEF cultures derived from individual embryos is given in parenthesis. Straight lines indicate the mean value of PDLs per passage for each genotype.
Escape from premature senescence in vitro is a reflection of the tumorigenic potential at the single cell level. We next determined the impact of mTert overexpression on spontaneous immortalization (Rittling, 1996) . Growth curves in Figure 2a In contrast, overexpression of a catalytically inactive mTert mutant (DTert, Materials and methods) did not alter the growth characteristics or the immortalization potential of Terc competent MEFs (Figure 2a and b), suggesting that catalytically active mTert is required to facilitate escape from premature senescence. The tumorigenic potential of cultured cells can be further assessed by determining the impact of activated oncogenes on colony formation efficiency (Serrano et al., 1996) . Overexpression of mTert in Terc-proficient MEFs previously transduced with E1A and H-RasV12 oncogenes (Materials and methods) resulted in a significant increase of colony formation efficiency from 41712 colonies per 5 Â 10 5 plated control cells to 279710 colonies per 5 Â 10 5 mTert transduced cells ( Figure 2c ). In contrast, overexpression of catalytically inactive DTert in MEFs did not significantly affect colony formation efficiency ( Figure 2c ). These data indicate that overexpression of a catalytically active mTert enhances the tumorigenic potential of primary MEFs.
The observation that overexpression of catalytically inactive DTert did not have any significant impact on immortalization and growth of wild-type MEFs ( Figure  2a (Figure 2f ). In summary, these results demonstrate that the growth-promoting effects of mTert are dependent on the formation of mTert/Terc complexes and suggest that forced expression of mTert in Tercnegative cells has an inhibitory effect on cell growth.
Mouse telomerase represses growth-inhibiting genes of the TGF-b pathway
To unravel the molecular targets of mTert overexpression, we analysed the genome-wide expression profile of single MEF cultures, before and after mTert introduction, using high-density oligonucleotide microarrays (Materials and methods). Expectedly, microarray data indicated a 10-fold increase in Tert mRNA levels in mTert-transduced MEFs as compared to the same cells transduced with an empty vector. Microarray analysis further showed that mTert introduction in two independent MEF cultures reproducibly resulted in detectable (X1.5-fold) expression changes in 26 transcripts (Table 1) . This mTert transcriptional response was markedly unidirectional with more than 90% of the transcripts being downregulated. These genes included a total of 21 known transcripts, two of them (Txnip, Hoxa9) upregulated and 19 downregulated. As an indication of the reproducibility and significance of the detected changes, we repeatedly found Dtr and Btg2, two transcripts that were represented several times in the array. The observed expression changes were modest, ranging from 1.5-to 2.1-fold, which prompted us to validate the microarray results by qRT-PCR. As shown in Table 2 , qRT-PCR values for expression changes of eight randomly selected transcripts were in good agreement with the microarray data.
Interestingly, suppression of growth-inhibiting genes accounted for the majority (15/21) of the gene expression changes reproducibly detected in mTert-expressing MEFs compared to the same MEFs transduced with an empty vector (complete analysis and bibliography are provided as Supplementary Information), suggesting that the transcriptional response to increased telomerase activity creates a cellular context that favors proliferation. Next, we studied whether this growth-promoting response could be integrated into a common signaling pathway. A literature search related 86% (18/21) of the mTert target genes to the TGF-b signaling network ( Figure 3a and Supplementary Table) . Of note, the majority of the gene expression changes induced by mTert went into the opposite direction as compared to the gene expression changes that have been previously described to be induced by TGF-b (Figure 3a ). All together, these results suggest that increased telomerase expression interferes with TGF-b signaling in MEFs.
Mouse telomerase abrogates growth inhibition by TGF-b
To validate the functional relevance of TGF-b signaling to the growth-promoting effects of mTert in MEFs, we next determined the impact of ectopic mTert expression on the proliferation of TGF-b-treated MEFs. Treatment of control MEFs with TGF-b for 24 and 48 h significantly inhibited cell growth to 6971 and 7174%, respectively, compared to untreated controls (Figure 3b ). In contrast, this growth inhibitory effect of TGF-b was cancelled in MEFs retrovirally transduced with mTert, and instead was replaced by moderate growth stimulation (Figure 3b ). In particular, upon treatment with TGF-b for 24 and 48 h, mTert overexpressing MEF cultures contained 2.470.6-fold (Po0.05) and 1.570.1-fold (Po0.01) more cells, respectively, than MEF cultures transduced with an empty vector (Figure 3b ). In the context of the organism, TGF-b has been shown to have an important role in renal diseases (Kopp et al., 1996; Krag et al., 2000) . Interestingly, we have previously described that mice that overexpress mTert are partially protected against degenerative kidney lesions such as glomerulonephritis (Gonzalez-Suarez et al., 2005) . It is tempting to speculate, therefore, that this protective effect of telomerase in vivo might be related to the downregulation of TGF-b effector genes. Indeed, qRT-PCR analysis of expression of the TGF-b effector JunB in kidneys from mTert-overexpressing mice revealed a 2.572.1-fold repression (n ¼ 4) of JunB levels as Growth-promoting effects of mTert C Geserick et al Growth-promoting effects of mTert C Geserick et al compared to wild-type littermates. Conversely, in kidneys from telomerase-null mice, levels of fibronectin, a gene known to be downregulated by TGF-b (Sharma and Ziyadeh, 1994) , were found to be increased (M Ruiz Torres, personal communication). Together, these data indicate that telomerase expression impairs the TGF-b response by affecting the expression of TGF-b effector genes. Interestingly, both TGF-b signaling (Yoon et al., 2005) and culture stress-induced growth inhibition (Parrinello et al., 2003) have been linked to oxidative stress. The observation that mTert overexpression antagonizes the antiproliferative effect of TGF-b (Figure 3b ) and lowers the barrier to bypass culture stress-induced senescence (Figure 2 ) renders it tempting to speculate that telomerase exerts these effects by making cells more resistant to oxidative stress. To test this hypothesis, we cultured control and mTerttransfected primary MEFs in normal high-oxygen (21% O 2 ) and in low-oxygen (3% O 2 ) conditions. Expectedly, in the presence of 21% O 2 , cells rapidly entered into senescence while in 3% O 2 cells bypassed senescence. Under these low-oxygen conditions, ectopic expression of mTert still conferred a growth advantage to MEFs, which was comparable to the growthpromoting effect of mTert on MEFs that had escaped senescence under high-oxygen conditions (compare Figure 2a) . Similarly, reduction of oxygen to 3% had no effect on the antagonism of TGF-b-induced growth inhibition by mTert (data not shown). These data, thus, argue against a role of oxidative stress in the growthpromoting effects of telomerase and in its capacity to antagonize growth inhibition by TGF-b.
Discussion
Here, we show that retroviral transduction of mTert into MEFs that have long telomeres results in a growth advantage as indicated by increased spontaneous immortalization, as well as an increased capacity to Hairy/enhancer-of-split related with YRPW motif 1 À1.5 À2.570.4 Klf4 Kruppel-like factor 4 (gut) À1.5 À2.170.4
Expression changes for a subset of genes from Table 1 (oligonucleotide array data) were validated by quantitative real-time RT-PCR (qRT-PCR). Gene expression changes refer to the comparison of transcript levels in MEFs retrovirally transduced with mTert compared to control MEFs infected with empty virus and are mean values7s.e.m. of three determinations with three independent MEF cultures derived from individual embryos.
Growth-promoting effects of mTert C Geserick et al form colonies in response to oncogenic stress (see Figure  2a , b, and c). Interestingly, this in vitro model of mTert overexpression in MEFs recapitulates fundamental aspects of the growth-promoting effects of mTert overexpression in vivo. First, in agreement with the previously described role of mTert overexpression in promoting tumor formation in mice in the absence of changes in telomere length Artandi et al., 2002; Canela et al., 2004; Cayuela et al., 2005) , mTert overexpression in MEFs favors escape from premature senescence and colony formation. Second, the fact that retroviral transduction of mTert into Terc À/À cells results in a delayed onset of immortalization and impaired colony formation (see Figure 2d , e, and f) is in agreement with the recently described inhibitory effect of mTert overexpression on tumorigenesis and tissue regeneration in Terc-deficient mice .
The mTert-induced changes of gene expression reported here suggest that mTert may promote Table 1 ). In the column 'growth', red and green colors indicate that the corresponding gene has been reported to have a positive and negative impact on cell growth, respectively. In the column 'TGF-b', red colors indicate that the corresponding gene has been reported to be upregulated by TGF-b or to be a mediator of the TGF-b response; green colors indicate that the corresponding gene has been reported to be downregulated by TGF-b or to be a repressor of the TGF-b response. More details and references are provided as Supplementary Information. (b) Early passage MEFs (0.25 Â 10 5 ) retrovirally transduced with empty pBabe (control) or with pBabe containing mTert were seeded in 12-well plates. After 18 h, culture medium was replaced by fresh medium, cells were cultured in the absence or presence of 2 ng/ml TGF-b for further 24 or 48 h, and cell numbers were determined. Data are means7s.e.m. of five experiments performed in triplicate with MEFs derived from five individual embryos. Asterisks (* and **) indicate statistically significant differences (Po0.05 and Po 0.01, respectively; Student's t-test) between control and mTert-overexpressing MEFs. (c) Wild-type MEFs retrovirally transduced with empty pBabe vector (control, open circles) or with pBabe-mTert (mTert, closed circles) were serially passaged in a high (21% O 2 ) and low (3% O 2 ) oxygen atmosphere using the 3T3 protocol. Before each passage, cell numbers were determined to calculate the number of accumulated population doublings (PDLs). The growth curves shown are representative of at least four different experiments with independent MEF cultures.
Growth-promoting effects of mTert C Geserick et al proliferation, escape from senescence, and oncogeneinduced colony formation through the suppression of genes with diverse roles in inhibition of cell proliferation, such as Bteb1 (Simmen et al., 2004) , Btg2 (Montagnoli et al., 1996; Rouault et al., 1996) , Eln (Karnik et al., 2003) , Egr2 (Unoki and Nakamura, 2001 ), Gadd45g (Zhang et al., 2002; Chung et al., 2003) , JunB (Passegue´and Wagner, 2000) , Hey1 (Huang et al., 2004) , Klf4 (Shields et al., 1996; Dang et al., 2003; Rowland et al., 2005) , and Nr4a1 (Li et al., 2000) . Of note, mTert also reduces expression of Bhlhb1, better known as Dec1, a recently identified marker of oncogene-induced senescence (Collado et al., 2005) . The possible relevance of these gene expression changes to tumorigenesis is further underlined by the fact that the expression of more than one-third (7/19) of the genes that are suppressed by telomerase is suppressed in murine and human tumors as well as in a variety of tumor-derived cell lines. Such putative tumor suppressor genes include Bhlhb2 (Collado et al., 2005) , Dusp6 (Furukawa et al., 1998 (Furukawa et al., , 2003 , Gadd45b (Hu et al., 2004) , Gadd45g (Zhang et al., 2002; Chung et al., 2003; Sun et al., 2003) , JunB (Hu et al., 2004) , Klf4 (Wang et al., 2002; Ohnishi et al., 2003; Zhao et al., 2004; Rowland et al., 2005; Wei et al., 2005) , and Tieg1 (Reinholz et al., 2004) , Taken together, these data suggest that the transcriptional response to increased telomerase activity creates a cellular context that favors proliferation and tumorigenesis. Interestingly, the majority of mTert-suppressed growth inhibitory genes are downstream targets of TGF-b (see Figure 3a and Supplementary Table) , suggesting that increased mTert expression interferes with TGF-b signaling. In support of this, we provide functional evidence that mTert abrogates TGF-bmediated growth inhibition in MEFs. Furthermore, we show that expression of the TGF-b effector gene JunB is decreased in mice that overexpress mTert and that have been shown recently (Gonzalez-Suarez et al., 2005) to be protected from kidney disease. These findings are in agreement with previous observations pointing to a negative impact of telomerase overexpression on TGF-b signaling in human mammary epithelial cells (Stampfer et al., 1997 (Stampfer et al., , 2001 ), but are in contrast with more recent work relating the growth-promoting effects of mTert in the same cell type with gene expression changes in the epidermal growth factor receptor pathway (Smith et al., 2003) . A possible explanation for this discrepancy is that the growth-enhancing effect of telomerase described in the latter study (Smith et al., 2003) only occurred when these cells were challenged by mitogen depletion (Smith et al., 2003) , while in our study as well as in that by Stampfer et al. (2001) cells were not exposed to lowmitogen stress but to the culture stress characteristic of these cell types (Serrano and Blasco, 2001; Stampfer et al., 2001 ). As we show here, under these stress conditions, telomerase overexpression in MEFs did not have any positive impact on the EGF pathway, except for downregulation of the EGF-like growth factor precursor Dtr (Table 1) . These differences between cell types and culture conditions suggest that the transcriptional program used by telomerase to sustain cell growth is determined by the characteristics of the environmental stress impinging on the cell type studied.
The data discussed above indicate that the telomerase status of a cell creates a gene expression pattern that determines how cells read growth inhibitory signals, among them signals propagated through the TGF-b pathway. The exact mechanisms, by which telomerase interferes with TGF-b signaling, however, remain unclear. The lack of a DNA-binding motif in the mTert protein and the lack of evidence for telomerase-DNA interactions, other than binding of the Terc/mTert complex to telomeres, renders a direct transcriptional effect highly unlikely. Since the observed effects of mTert overexpression on cell growth, immortalization, and TGF-b target gene expression occur in the absence of exogenous TGF-b, a direct interaction between telomerase and TGF-b or its receptor are unlikely to account for this phenomenon. We, therefore, speculate that telomerase affects the expression of TGF-b target genes through a growth-signaling pathway that intercepts the TGF-b signaling cascade downstream of the TGF-b receptor. In support of this hypothesis, very recent work shows that overexpression of human Tert can downregulate protein kinase C and suppress Ras/Raf/Mek/Erk signaling (Wang et al., 2005a) . Of note, TGF-b is well known to activate MAP kinase signaling in numerous cell types (Javelaud and Mauviel, 2005) , and there is also some evidence linking activation of protein kinase C to the upregulation of gene expression by TGF-b (Liao et al., 2005; Lim et al., 2005; Mulsow et al., 2005) . It is tempting to speculate, therefore, that the antagonistic effects of telomerase and TGF-b on MAP kinase and protein kinase C signaling may account for the antagonistic effects of telomerase and TGF-b on gene expression. In fact, the expression of the majority (12/19) of genes that are downregulated by mTert (Figure 3a) has been reported to be increased by MAP kinase and/or protein kinase C signaling (Bhlhb2 (Collado et al., 2005) , Btg2 (Ryu et al., 2004) , Dusp6 (Smith et al., 2005) , Eln (Liu et al., 2003) , Egr2 (Keeton et al., 2003) , Junb/Fosb (Mechta et al., 1997; Hodge et al., 1998; Balasubramanian et al., 2002) , Gadd45b (Wang et al., 2005b) , Ier3 (Kondratyev et al., 1996) , Klf4 (Chen and Tseng, 2005) , Nfil3 (Kuribara et al., 1999) , and Nr4a1 (Lim et al., 1995) . Future work is required to unravel the detailed mechanisms by which telomerase interferes with intracellular signaling pathways and to define the relevance of such interactions on biologically relevant pathways such as TGF-b signaling.
Materials and methods

Cells
Primary MEFs (passage 1 or 2) were derived from wild-type and Terc À/À 13.5 day embryos of a C57Bl/6 background (Blasco et al., 1997) . Murine embryonic fibroblasts were cultured and retrovirally transfected as described (Palmero and Serrano, 2001 ). Retroviral vectors were pBabe-puro empty Growth-promoting effects of mTert C Geserick et al or carrying either wild-type mTert (Martin-Rivera et al., 1998) or a catalytically inactive mutant of mTert, DTert, in which asparagine residues 861 and 862 of mTert were mutated to alanine (Sachsinger et al., 2001) . Where indicated, cells were cultured in incubators in which the oxygen atmosphere was adjusted to 3% by replacing oxygen with nitrogen. A retroviral vector with bicistronic E1a and RasV12 was also used for the colony formation assays (Serrano et al., 1997) . Serial 3T3 cultivation and calculation of population doublings, as well as colony-formation assays were performed as described (Pantoja and Serrano, 1999) . Telomerase activity in MEFs was measured using the telomerase repeat amplification protocol (Blasco et al., 1996) .
Gene expression profiling
Total cellular RNA was prepared from the same MEFs either retrovirally transduced with mTert or with an empty vector, and hybridized to the Affymetrix Mouse 430A GeneChip according to the recommendations of the manufacturer (Affymetrix). Details of the microarray experiments and data analysis are available as Supplementary Information.
Microarray raw data are available at the Gene Expression Omnibus (GEO) web repository (http://www.ncbi.nlm.nih. gov/geo) under the series entry number GSE2684. Gene expression data were validated by qRT-PCR using the assay and detection system provided by Applied Biosystems. Details of the qRT-PCR protocol and primer sequences are available as Supplementary Information.
